In eukaryotic cells, the network of actin microfilaments and microtubules in the cytoskeleton is accompanied by a third major filament system called intermediate filaments.
1-3 These fibrous proteins have been found in nearly all eukaryotic cells and many biological materials including wool, hair and hooves but are absent in both plants and fungi. Intermediate filaments arise from cell-type-specific expression of a complex gene family that in man encodes more than 70 proteins.
1,2 Its subunit has a common tri-partite organization characterized by a central alpha-helical coiled-coil domain and amorphous "head" and "tail" domains of variable length and sequence.
1 As other fibrous proteins such as collagen or fibrin, they linearly and laterally self assemble into filaments with a diameter of 8-12 nm. 3 Intermediate filament networks in eukaryotic cells have developed to perform multiple functions, including stabilizing cells' conformation, integrating cells into tissues and organs, protecting genetic material and mediating mechanotransduction processes. [4] [5] [6] Vimentin is a specific type of intermediate filaments found in the cytoplasm of fibroblasts, leukocytes, and blood vessel endothelial cells, representing the most widely distributed type of intermediate filaments. 7 It is well accepted that vimentin plays a significant role in maintaining cell integrity by supporting and anchoring the position of the organelles in the cytoplasm. largely to the structural integrity of the cell nucleus and plays a vital biological role to protect genetic material against extreme conditions. 9,10 Therefore, intermediate filaments have been referred to as the "safety belts of cells". Besides their functions as mechanical integrators, over the last decade, intermediate filaments have also emerged as a key element in understanding signaling. For example, vimentin has been found to bind to isoforms of one of the major families of signaling proteins named 14-3-3.
5 It attenuates the response to specific proapoptotic signals in several cell cultures but promotes apoptosis once there is commitment to execute.
While it is known that single intermediate filaments are composed of bundles of subunits with hierarchical structures, from coiled-coil dimer level to the full length filament level as shown in Fig. 1(a) , 1 it is not clear how full length filaments associate to form a network structure, and in particular how the change of the chemical nature of their association can affect the particular mechanical and physiological function of the network. For example, divalent cations, such as Ca + and Mg + , have been recognized as widely observed crosslinking agents in the vimentin network and their concentration can affect the stiffness of the entire filament network.
11 Plectin, a protein with coiled-coil structure, plays a role as linker to connect cytoskeletal filaments and is important for network organization and mechanical properties. 12 In this paper, we do not restrict the focus on the role of any specific crosslinking agent but, for a more general purpose, we model both the intermediate filament and the crosslinks with varied mechanical properties and study how the strength of the crosslink affects the mechanical behavior of the overall intermediate filament network. The structure of the network used in this study is composed of intermediate filaments distributed independently in the x-and y-directions and they are pinned by crosslinks at their intersections shown in Fig. 1(b) . This set up broadly mimics the microscopic structure of the Xenopus oocyte nuclear lamina. [13] [14] [15] Realistic structures of intermediate filament network can be more disordered and/or have slightly variegated structures, but our model represents an approximation to the network. We focus on how the mechanical property of the crosslink affects the failure of intermediate filament network, while other factors such as chemical reactions are not included in our work. This is motivated by the fact that maintaining the mechanical integrity of cell is one of the most important functions of intermediate filament networks.
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We use a mesoscopic model to describe each intermediate filament as a series of beads interacting according to nonlinear interparticle multibody potentials. The total energy is given by
(
For general purpose, the force tensile strain curve F T (ε) of each single intermediate filament is modeled by a power-law function as
where F 0 is the strength of a full length filament, ε rup is the corresponding strain for F 0 , N is the so-called hardening exponent which describes the nonlinear stressstrain response of a material. For a crosslink, the force response under deformation is given by a similar expression as Eq. (1) except for that the strength is given by another independent term F c 0 . For the hardening exponent, N < 1 denotes softening behavior (also referred to as "elastic-plastic") of the material, N = 1 denotes linear behavior and N > 1 represents a stiffening material. 13 The expression f (ε) is a cut-off function as f = 1 for ε < ε rup and f = 0 for ε ≥ ε rup ; and typical force tensile strain curves of a full length filament is given in Fig. 1(c) . 8 For simplicity, the force expression included in this study is normalized by the strength of the full length filament. The bending energy of each filament is given by
with k B relating to the bending stiffness of the intermediate filament EI through k B = 3EI/r 0 , EI relates to the intermediate filament persistence
where K B is the Boltzmann constant and T is the temperature. All the parameters of the modeling are summarized in Table 1 . The meshwork model shown in Fig. 1(b) includes 24 filaments in the y-direction (1.2 μm) and 24 filaments (1.2 μm) in the x-direction, with a crack-like defect added in the center to mimic a structural imperfection. Filaments at the orthogonal corners are mechanically 19 First, we perform a relaxation during which we equilibrate the system. Relaxation is achieved by energy minimization, the system is heated up from 0 K to 300 K, then the structure is annealed at a temperature of 300 K. Second, we perform a loading simulation during which we keep the system at 300 K and apply a constant strain rate of 8.0 × 10 −3 ns −1 to continuously increase the loading applied to the bottom and top layers of beads.
To examine the effect of the crosslink strength on the failure mechanism of intermediate filament network, we apply tensile force to the intermediate filament network with different crosslink strengths, F c 0 . The conformational changes of the networks under tension with two typical crosslink strengths are summarized in Fig. 2 . The network models of F c 0 = F 0 and F c 0 = 0.2F 0 show rather different deformation and failure mechanisms under tension visualized in Figs. 2(a) and 2(b) , respectively. It is observed that for the case with strong cross-links (F c 0 = F 0 ), the network fails by breaking filaments at the crack tip with the increasing tensile force and the crack propagates in the initial direction of the initial crack orientation. For the network with weaker cross-links (F c 0 = 0.2F 0 ) the crack does not propagate. Rather, the tensile force unpins the filaments in the x-direction from the filaments in the y-direction by breaking the crosslinks. This failure mechanism facilitates a "diffusion" of the deformation energy at the crack tip and renders the deformation within the filaments more uniform in the y-direction. This can be directly confirmed in the visual representations. Moreover, this unpinning step affects the flaw tolerance of the network material by increasing its tensile strength as shown in Fig. 3(a) . The overall strength F net of the entire network increases from 15.0F 0 to 18.4F 0 , and the failure strain increases from 2.2 to 2.5 as the strength of the crosslinks decreases from F 0 to 0.2F 0 .
We now study the maximum stress of the network by using σ F = F net /(24dD), where d is the lattice con- stant of the network and D is the diameter of the filament. Its relationship with the strength of the crosslinks is shown in Fig. 3(b) . Instead of a gradual transition, the decreasing strength of the crosslink increases the maximum stress of the network exponentially, and by 23% between F c 0 = 0.5F 0 and 0.2F 0 . This leads to the most important result of this paper: a relatively weaker crosslink increases the strength of the overall intermediate filament network. This result is counterintuitive but makes sense because the rupture of crosslinks before reaching the strength limit of the filaments at the crack tip efficiently decreases the force concentration at the crack tip. Thereby, it efficiently increases the maximum applied loading before failure occurs.
To find an analytical solution of the particular crosslink strength which leads to an increased robustness of the intermediate filament network, we assess the geometric details and force distribution around the crack tip. Based on the fact that the initial crack deforms to an elliptical shape before failure we have dx/dy x=a = 0 at the crack tip along the inner crack surface, a denotes the half length of the crack in the xdirection. Therefore, including the fact that intermediate filaments are flexible in bending, we achieve the balance of force in tension via F 1 = F 2 +F 3 , where F 1 is the tension force within the filament at the crack tip, F 2 is the tension force exerted from the neighboring lattice in the tensile direction, and F 3 is the tension force exerted from the crosslink illustrated in Fig. 3(b) .The rupture condition of the filament at the crack tip is F 1 = F 0 , which corresponds to the rupture strain ε rup . Under the condition that there is no rupture event of crosslinks, the applied tensile force to the network near the crack tip is proportional to 1/ √ r, 20 where r is the distance from the middle of the filament to the crack tip. We have F 2 = F 1 ( r 1 /r 2 ), where r 1 is the distance from the middle of the filament with F 1 in tension to the crack tip and r 2 is the distance from the middle of the filament with F 2 in tension to the crack tip. Therefore, the condition
is the necessary condition to prevent rupture of the filament at the crack tip before rupture of the crosslink occurs. As we have r 1 = 0.5d and r 2 = 1.5d for the geometry of this lattice model, F 3 < 0.42F 0 as the necessary condition is obtained (as shown in Fig. 3(b) ). In- deed, it is shown by our simulations that networks with crosslinks weaker than this critical value are stronger under tension. It is also noted that this condition does not directly correspond to the maximum strength because of the nonlinearity of the stress distribution around the crack tip of such a strain-hardening material. Figs. 4(a) and 4(b) , respectively. We find that the increments of the network strength caused by the weak crosslink of those two materials are only 1% and 11%, which are significantly smaller than that of the strainhardening material as for intermediate filament network (23%) summarized in Fig. 4(c) . In summary, here we identified two different failure mechanisms of intermediate filament networks under tension. We found that the strength of the crosslink between the filaments plays a critical role in defining the failure mechanism of the network, where the unpinning process between crosslinked flaments is the key mechanism to enable this behavior. Comparing to the failure of the network with strong crosslinks, we find that the networks with relatively weak crosslinks are 23% stronger than the former. We compared this result to other materials with different nonlinear mechanical responses and found that this switching function controlled by crosslink strength is only significant for strain-hardening materials. This mechanical characteristic, a significant stiffening of the material behavior with larger deformation, is indeed shared by many biological materials including intermediate filaments, spider silk, amyloids and collagen, and many others.
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